Introduction {#Sec1}
============

Since 1938 endolymphatic hydrops is generally accepted as the histopathological substrate for Menière's disease, based on autopsy studies of the ear of Menière patients \[[@CR1], [@CR2]\]. However, it is still unclear if endolymphatic hydrops is the cause of the symptoms, or just a histological marker of the disease \[[@CR3]\].

The effect on cochlear functioning of an endolymphatic hydrops has been extensively studied in animals during the last half century \[[@CR4], [@CR5]\]. Although unpredictable attacks of vertigo are the most severe complaint of Menière patients, much less information is available on the influence of hydrops on vestibular functioning, most probably because this is more difficult to investigate. Reduced or altered vestibular function has been reported after creation of an endolymphatic hydrops in the guinea pig \[[@CR6]\] and in the rabbit \[[@CR7]\].

The most widely used method for the creation of an endolymphatic hydrops is surgical obliteration or dissection of the endolymphatic sac \[[@CR8]\]. With this technique a hydrops develops in a period of days to weeks. An obvious disadvantage of the model is the destruction of an organ that is essential for inner ear homeostasis \[[@CR9]\].

An acute endolymphatic hydrops can be created by directly injecting artificial endolymph into scala media \[[@CR10], [@CR11]\]. We developed this technique to study inner ear fluid pressure \[[@CR12], [@CR13]\] and cochlear functioning during an acute hydrops \[[@CR14], [@CR15]\] in the guinea pig.

Recording of evoked potentials is widely used to study cochlear functioning. Böhmer et al. \[[@CR16]\] showed in the chinchilla that evoked potentials can also be measured in the vestibular system, if the head of the animal is subject to linear acceleration pulses. Plotnik \[[@CR17]\] confirmed this finding and showed that these short latency vestibular evoked potentials (VsEPs) mainly originate from the otolith organs.

In an earlier experiment we combined measurement of VsEPs with injection of artificial endolymph, to study the effect of an acute endolymphatic hydrops in the guinea pig on the functioning of (part of) the vestibular system \[[@CR18]\]. Apart from a short lasting hydromechanical effect of fluid injection through the basilar membrane, no significant difference in VsEP deterioration was found between animals in which an artificial hydrops was created and (control) animals in which the injection pipette perforated the basilar membrane and was withdrawn without injecting fluid. This suggested that it was not the (artificial) hydrops that caused the slow decrease of VsEP amplitude during a time course of hours, but possibly a leakage of potassium ions into the perilymphatic space.

Intoxication by potassium ions \[[@CR19]\] leaking through a ruptured \[[@CR20], [@CR21]\] or micro-lesioned \[[@CR22]\] Reissner's membrane is one possible explanation for acute Menière attacks.

For the present paper the influence of perilymphatic potassium concentration on the VsEP was investigated in the guinea pig in two ways: firstly, artificial endolymph was injected slowly through the basilar membrane until Reissner's membrane ruptured, causing a massive leakage of high potassium endolymph into the perilymphatic space.

Secondly, to control the effect of potassium concentration on the vestibular sensory and neural structures in the perilymphatic space, different concentrations of KCl were injected directly into the vestibule.

Materials and methods {#Sec2}
=====================

In this study 20 albino guinea pigs, weighing between 350 and 600 g, with normal Preyer's reflex were used. The care and use of the animals was in accordance with the principles of the declaration of Helsinki and approved by the Groningen animal experiment committee. (Protocol numbers 4310B and 4463A).

General anaesthesia was induced by intramuscular injection of ketamine/xylazine (60/3.6 mg/kg) and maintained by administering additional anaesthetics every hour (40/2.4 mg/kg). A tracheostoma was created for artificial ventilation (Columbus Instruments, model 7950) and intramuscular suxamethoniumchloride (2.5 mg/kg) was given every hour for muscle relaxation.

The body temperature was maintained at 38°C with a heating blanket. Skin electrodes placed on both sides of the thorax monitored the heart rate.

To stimulate the vestibular system by acceleration pulses and fixate the head during operation and microinjection, a steel bolt was cemented upside down on the skull of the guinea pig with dental cement. After opening the bulla to expose the round window, a platinum electrode was implanted in both ears in the facial nerve canal, up to the first curvature. Only a thin bony wall separates the vestibular nerve from the electrode. A reference electrode was placed in the neck muscles. Acceleration pulses were generated with a Bruel and Kjaer vibration exciter (type 4809) and monitored with an accelerometer, connected to a Bruel and Kjaer amplifier (type 2651). Linear acceleration pulses were applied in the direction of the earth vertical axis perpendicular to the top of the skull. The shaker was driven by computer-generated stimuli that consisted of Gaussian-shaped pulses, amplified by a power amplifier (Bruel and Kjaer type 2712) and computer controlled with a programmable attenuator. The vestibular stimulus consisted of 500 alternating pulses with peak amplitude of 40 m/s² at 0.5 ms after onset, at a rate of 51/s.

The signals of the active electrodes were amplified (Disa, type 15 c01) and band-pass filtered (100 Hz--5 kHz). The first 10 ms of the electrode and accelerometer signals were recorded, averaged and processed, using a Tucker-Davis BioSig-stimulate/record system, version 2.0. The P--N signal complex in the electrode signal, appearing first between 1 and 2 ms after stimulus onset, is of vestibular origin \[[@CR18], [@CR23], [@CR24]\], and is therefore called vestibular evoked potential (VsEP; see Fig. [1](#Fig1){ref-type="fig"}).Fig. 1Gross electrode potential evoked by acceleration pulses. The first part of it, appearing between 1 and 2 ms after stimulus onset, is of peripheral vestibular origin

In ten guinea pigs artificial endolymph was injected into scala media until one or more membranes surrounding the endolymphatic compartments ruptured. From earlier experiments we knew that this always occurred after injection of more than 3 μl of fluid \[[@CR13], [@CR14]\]. To inject artificial endolymph, the tip of a double barrel micropipette was inserted through the round window and the basilar membrane. The other ear served as control.

In a separate set of experiments we evaluated the effect of injecting 4 μl of a KCl solution directly into the perilymphatic space, through a small hole that was made in the bony wall of the vestibule next to the oval window. The injected concentrations of K^+^ were 0.250, 0.375, 0.500 and 3.00 M, in respectively 3, 3, 2 and 2 guinea pigs. Again the other ear served as control. Because the perilymphatic space behind the round window is directly connected to the cerebrospinal fluid space through the cochlear aqueduct we did not inject through the round window membrane.

Double barrel micropipettes were drawn from borosilicate glass and the tips were bevelled (Narishige EG-40). Tip diameters were around 60 μm per barrel, which is a compromise between a low enough flow resistance for fluid injection and a small tip size. One of the barrels was used to measure the DC potential (to monitor tip position) and inner ear pressure (WPI 900A Micropressure system). The other barrel was used to inject artificial endolymph (140 mM KCL + 25 mM KHCO~3~), by applying pneumatic pressure to the fluid interface (WPI PV 830 Pico Pump). Since the inner diameter of a barrel is precisely known (0.84 mm) the injected volume could be measured by displacement of the fluid interface in the barrel. The injection rate was about 50 nl/s. DC potential was monitored with a Kipp chart recorder.

After opening the bulla and positioning the electrodes in the facial canal the experiment started with measuring VsEPs in both ears. The difference in potential between the first positive (P) and negative (N) peak (Fig. [1](#Fig1){ref-type="fig"}) was used as a measure of the functionality of the linear acceleration detecting part of the vestibular organ. This initial value was used as a reference for the vestibular system under investigation, because of interindividual differences of VsEP amplitude. Directly after rupturing Reissner's membrane in the first series of experiments and after injection of KCl in the second series, the VsEP amplitude was measured again and then after 1, 2, 3, 4 and 5 h. Between the measurements the animal recovered from heavy shaking. It was detached from the shaker during these periods.

After the last measurement the animals were terminated by means of intracardial administration of an overdose of pentobarbital. The temporal bones were removed and fixated by immersion in a solution of 2.5% glutaraldehyde in 0.1 M Na-cacodylate buffer and 2 mM calcium chloride (pH 7.4; 320 mOsm) for later study.

After fixation three specimens of the first series of (rupture) experiments were decalcified in 10% EDTA (pH 7.4) for 5 days, carefully rinsed in distilled water, dehydrated in a graded ethanol series and embedded in plastic. From the bullae sections of the cochlea and the vestibule were cut (midmodiolar plane) and stained with toluidine blue for light microscopic examination to check for damage caused by injection of (too much) artificial endolymph.

Time-dependent changes in VsEP between injected ears and control ears were compared using ANCOVA (SPSS 15.0) for repeated measurements.

Results {#Sec3}
=======

Reissner's membrane rupture (RMR) experiments {#Sec4}
---------------------------------------------

Injection of more than 3 μl of artificial endolymph in scala media did not only cause a fissure in Reissner's membrane in the cochlea, but also in the membrane in the saccule (Fig. [2](#Fig2){ref-type="fig"}) in all three investigated ears, which makes it very likely that not only the hearing system will be directly affected but also the balance system. All ears showed a VsEP before intervention. Each experiment was successful in reaching scala media: DC potential abruptly increased 70--80 mV after the basilar membrane was perforated. Pressure in scala media increased after starting injection of artificial endolymph and decreased to almost initial pressure after stopping injection (Fig. [3](#Fig3){ref-type="fig"}). The endocochlear potential (EP) decreased by up to 40% during injection, but recovered almost completely within a few minutes after injection.Fig. 2Light microscopic picture of a rupture in the membrane of the saccule, created by microinjection of 4 μl artificial endolymph into scala media. (From experience we know that the rupture was not caused by preparing it for light microscopic examination)Fig. 3Fluid pressure (cm water) measured at the tip of the micropipette, before, during and after injection of more than 3 μl of artificial endolymph in scala media. This amount of injected fluid ruptures the membrane(s) surrounding the endolymphatic compartment(s), resulting in a sudden small drop of inner ear pressure

All RMR ears showed a complete disappearance of VsEP after injection with partial recovery subsequently (Fig. [4](#Fig4){ref-type="fig"}). In contrast, the contralateral control ears remained nearly stable during the experiment. Differences between VsEP amplitudes over time were statistically significant (*p* \< 0.00).Fig. 4Average VsEP (±1 SE) for the ruptured and control ears before and at different times after rupture of Reissner's membrane by microinjection of artificial endolymph

KCl injection experiments {#Sec5}
-------------------------

All ears showed a VsEP before intervention. The effect of KCl on the VsEP is depicted in Fig. [5](#Fig5){ref-type="fig"}. KCl injection resulted in a dose-dependent decrease and subsequent recovery of the VsEP. The contralateral control ears remained stable during the experiment.Fig. 5Average VsEP (±1 SE) for the different concentrations of injected KCl, measured before and at different times after injection. Injection resulted in a dose-dependent decrease and subsequent partial recovery of the VsEP

Discussion {#Sec6}
==========

Multiple studies have demonstrated that potassium has toxic effects on the cochlear function \[[@CR14], [@CR25]--[@CR28]\]. However, studies on this toxic effect on the vestibular function are sparse. A few investigators showed, about 40 years ago, that perfusion of artificial endolymph in the perilymphatic space caused a nystagmus \[[@CR20], [@CR29]\]. More recently, Böhmer et al. \[[@CR16]\] demonstrated the toxic effect of potassium on the VsEPs by introducing potassium chloride crystals in the perilymphatic space of the inner ear of the chinchilla.

One case report describes a patient who directly applied potassium iodide solution through a tympanostomy tube into his middle ear, which caused a typical episode of Meniere's disease; vertigo, nausea, vomiting, hearing loss and tinnitus \[[@CR19]\]. This shows that potassium intoxication of the inner ear can cause the same clinical symptoms as during an acute Meniere's attack.

Rupture of one or more membranes enclosing the endolymphatic spaces causes an immediate and complete suppression of the VsEP, as is shown in Fig. [4](#Fig4){ref-type="fig"}. During hours after injection the VsEP recovers to about 90% of the value in the control ear, most probably due to dilution of the injected artificial endolymph. A similar slow recovery (from vertigo) is present during an acute episode of Menière's disease.

In temporal bone preparations of Menière patients hydrops of scala media was sometimes accompanied by a rupture of Reissner's membrane \[[@CR3]\], which can be an explanation for the acute character of vestibular attacks in Menière's disease. In the first series of experiments (RMR) part of the injected fluid will enter the vestibular part of the inner ear through the ductus reuniens \[[@CR13]\] and create a vestibular hydrops also, followed by a distention and rupture of one or more membranes (Fig. [2](#Fig2){ref-type="fig"}).

In the second series of experiments (KCl injection) suppression and recovery of the VsEP are dose dependent, as is shown in Fig. [5](#Fig5){ref-type="fig"}. After injection of the lowest concentration of KCl (0.25 M) the VsEP recovers almost completely within 1 h. No recovery is observed after injection of the highest concentration of 3 M, in contrast to the result after membrane rupture (Fig. [4](#Fig4){ref-type="fig"}), which best resembles the 0.375 M curve in Fig. [5](#Fig5){ref-type="fig"}.

Immediately after the injection of fluid into the inner ear fluid pressure inside the inner ear compartment increases. But within a few seconds pressure returns to normal, indicating that excess fluid escapes: perilymph through the cochlear aqueduct and endolymph through the ductus endolymphaticus \[[@CR12], [@CR13], [@CR30]\]. So, when a KCl solution is directly injected into the perilymphatic space through a small hole in the bony wall of the vestibule, this solution will mix with perilymph and the total fluid volume in the inner ear will not increase.

The total perilymph volume in the guinea pig is 16 μl \[[@CR31]\]. Injection of 4 μl of 0.25 M KCl solution, assuming a homogeneous distribution of K^+^ in 16 μl shortly after injection, leads to a K^+^ concentration of 63 mM. This is 7 times the normal concentration of K^+^ in perilymph in scala vestibuli of the guinea pig, which is 9.0 mM \[[@CR32]\].

Not much is known about the mechanism of K^+^ intoxication of the vestibular system. For the cochlea Zenner et al. \[[@CR28]\] found that addition of artificial endolymph to the basolateral surface of outer hair cells resulted in inhibition of the physiological repolarizing K^+^ efflux from these cells. A similar mechanism is proposed to influence neurotransmitter release from inner hair cells. They also found pathological shortening of outer hair cells; while long-lasting K^+^ intoxication resulted in chronic and complete loss of outer hair cell motility, and finally in cell death, and suggested this to be a pathophysiological basis in some Menière patients for chronic hearing loss.

Very recently Nakano et al. \[[@CR33]\] found elevated perilymphatic K^+^ concentrations in the nmf329 mutant mouse line. Mice of this line show a widespread loss of sensory hair cells in the hearing organ, most possibly due to a mutation of the claudin-9 gene that encodes a tight junction protein. Claudin-defective tight junctions fail to shield the basolateral side of hair cells from the K^+^ -rich endolymph.

As a neurotoxic effect of an increased concentration of K^+^ in the perilymphatic space during a Menière's attack Meissner \[[@CR34]\] suggested a depolarization of the synapse between the vestibular hair cell and the afferent nerve fiber. This suggestion is supported by the conclusion of Kiernan et al. \[[@CR35]\] that the toxic effect of K^+^ on axons, in patients with hyperkalaemia caused by chronic renal failure, is due to membrane depolarization.

Both Böhmer et al. \[[@CR16]\] and Plotnik et al. \[[@CR17]\] state that the VsEP is most probably a compound action potential of the vestibular nerve and pathways. A toxic effect of K^+^ on vestibular hair cells will affect the generator potential, leading to less single nerve fiber action potentials, or none at all. A toxic effect on the nerve will affect action potential generation directly.

The (normal) osmolarity of perilymph in the guinea pig is 0.29 and of endolymph it is 0.30 osmol/l \[[@CR32]\]. The total perilymph volume is 16 μl \[[@CR31]\]. The number of ions in 4 μl of injected 0.250 M KCl is 2 × 10^−6^*N* (*N* is Avogadro's number). The number of ions in the remaining 12 μl of perilymph is 3.5 × 10^−6^*N*. So, after injection 5.5 × 10^−6^*N* ions are present in the perilymphatic space, giving an osmolarity of 0.34 osmol/l. This number is slightly higher than the normal value of 0.29 osmol/l. (This is no surprise because the injected fluid is hypertonic with respect to perilymph.) Injection of 0.375, 0.500 and especially 3.00 M KCl will create a still larger difference in osmolarity between perilymph and endolymph, leading to an osmotic pressure difference between the endolymphatic and the perilymphatic compartments. Besides K^+^ intoxication this could give an additional explanation for the measured deterioration of the VsEP, through hydromechanical effects. However, no hydromechanical effect on the VsEP was observed in an earlier experiment in which artificial endolymph was injected in scala media of the guinea pig to create an acute endolymphatic hydrops \[[@CR18]\].

In the first series of experiments (RMR) K^+^-rich endolymph mixes with perilymph. Because the injected artificial endolymph, natural endolymph and perilymph have almost the same osmolarity \[[@CR32]\] this will not cause an osmotic pressure difference between the endolymphatic and the perilymphatic compartments.

Furthermore, if such a pressure difference would occur, pressures would equalize very fast because fluid will flow through the ruptured membrane(s).

So K^+^ intoxication remains as the only explanation for the VsEP deterioration shown in Fig. [4](#Fig4){ref-type="fig"}.

In summary, our study shows that an increase of the K^+^ concentration in the perilymphatic space of the vestibular system causes a deterioration of the functioning of (part of) the vestibular system, followed by a dose-dependent slow recovery. K^+^ intoxication is the most likely explanation for this process, which could be an explanation for acute disturbance of vestibular function in Menière patients.
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